The Escherichia coli gapB gene codes for a protein that is very similar to bacterial glyceraldehyde-3phosphate dehydrogenases (GAPDH). In most bacteria, the gene for GAPDH is located upstream of the pgk gene encoding 3-phosphoglycerate kinase (PGK). This is the case for gapB. However, this gene is poorly expressed and encodes a protein with an erythrose 4-phosphate dehydrogenase activity (E4PDH). The active GAPDH is encoded by the gapA gene. Since we found that the nucleotide region upstream of the gapB open reading frame is responsible for part of the PGK production, we analyzed gapB promoter activity in vivo by direct measurement of the mRNA levels by reverse transcription. We showed the presence of a unique transcription promoter, gapB P0, with a cyclic AMP (cAMP) receptor protein (CRP)-cAMP binding site centered 70.5 bp upstream of the start site. Interestingly, the gapB P0 promoter activity was strongly enhanced when glucose was used as the carbon source. In these conditions, deletion of the CRP-cAMP binding site had little effect on promoter gapB P0 activity. In contrast, abolition of CRP production or of cAMP biosynthesis (crp or cya mutant strains) strongly reduced promoter gapB P0 activity. This suggests that in the presence of glucose, the CRP-cAMP complex has an indirect effect on promoter gapB P0 activity. We also showed that glucose stimulation of gapB P0 promoter activity depends on the expression of enzyme II Glc (EII Glc ), encoded by the ptsG gene, and that the gapA P1 promoter is also activated by glucose via the EII Glc protein. A similar glucose-mediated activation, dependent on the EII Glc protein, was described by others for the pts operon. Altogether, this shows that when glucose is present in the growth medium expression of the E. coli genes required for its uptake (pts) and its metabolism (gapA and gapB-pgk) are coordinately activated by a mechanism dependent upon the EII Glc protein.
Most bacteria are able to sense the availability of nutrients in their growth environment. In the presence of different carbon sources, and in order to preserve energy, unnecessary genes are not expressed, either by inactivation of some specific transport system and/or by regulation of the intracellular cyclic AMP (cAMP) level (for a review, see reference 30) . Regulation of Escherichia coli lac operon expression during growth on glucose and lactose is often cited as the paradigm of such an adaptation (references 26 and 30 and references therein).
Regulation of the E. coli genes required for glucose permeation and metabolism is less documented. Glucose uptake has been shown to activate transcription of the pts operon (12) (13) (14) . The ptsH, ptsI, and crr genes, encoding the histidine-containing phosphocarrier protein Hpr, enzyme I (EI), and the cytoplasmic protein EIII (EIIA Glc ), respectively, constitute the pts operon. The promoter region upstream of the ptsH gene contains at least two transcription start sites (P0 and P1) separated by 100 bp. Initiation at P0 is enhanced by the presence of exogenous glucose (12) , whereas in the absence of glucose, initiation depends strictly on the presence of the complex formed between the cAMP receptor protein (CRP) and cAMP (CRP-cAMP complex) (14, 20) . The glucose-mediated and CRP-cAMP-mediated activations arise independently of each other (13, 14, 33) . It was proposed that the glucose-mediated activation occurs through a signal transduction mechanism dependent upon the phosphorylation state of the EII Glc protein (EIIBC Glc ) produced by the ptsG gene (13) . Nevertheless, the molecular mechanism of the positive effect of glucose on pts transcription has not been determined. Domain C of the ptsG product is membrane embedded, whereas domain B, carrying the phosphorylation sites, is cytoplasmic (for a review, see reference 30) . No DNA binding property was reported for either of these two domains. This suggests an indirect involvement of the EII Glc protein in transcription activation.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (EC 1.2.1.12) is a key enzyme of glucose metabolism. It plays a crucial role in catabolic and anabolic carbohydrate metabolism, catalyzing the reversible oxidation of D-glyceraldehyde-3phosphate into 1,3-diphosphoglycerate (22) . In most bacteria studied so far, the GAPDH-encoding gene (gap) is found upstream of the pgk gene encoding phosphoglycerate kinase in a cluster of genes encoding other glycolytic enzymes (e.g., see references 6, 10, 17, 19, and 36) . E. coli is unusual in this respect. It has two GAPDH-encoding genes, designated gapA and gapB (2) . The gapB gene is localized upstream of the pgk gene at 61.9 min on the chromosome (38) . Despite the fact that the gapB open reading frame (ORF) codes for a protein that is very similar to bacterial GAPDHs (2) , no GAPDH activity was measured for this gene product (3, 39) . Instead, the protein was shown to be expressed at a very low level and displayed a nonphosphorylating erythrose 4-phosphate dehydrogenase (E4PDH) activity (3, 39) . The gapA gene was located in a completely different region of the E. coli chromosome, at 39.3 min (24), and codes for a protein that is more similar to eukaryotic than to eubacterial GAPDHs (4). Since mutations in the gapA gene abolish the production of GAPDH activity, the gapA gene is considered to be the only active GAPDHencoding gene in E. coli (5, 11, 24) . The gapA gene is tran-scribed from at least four promoters (8) . Three are well identified: P1 and P3 are transcribed by the E 70 holoenzyme and P2 is transcribed by the heat shock RNA polymerase E 32 . In addition, P3 is regulated by catabolic repression. We have shown previously that these three transcription start sites are activated differentially in cultures in rich medium (8) .
No extensive study of chromosomal gapB gene expression has been reported. As Alefounder and Perham (2) localized by sequence analysis a putative CRP-cAMP binding sequence, centered 202 nucleotides (nt) upstream of the gapB ATG initiation codon, catabolic repression might be implicated in gapB regulation (see Fig. 2B ). Gel shift experiments showed the binding of a CRP-cAMP complex to this sequence (31) . A putative FruR binding site was also localized in the gapB promoter region, and FruR was shown to repress expression of a gapB-lacZ fusion (31) . Based on sequence analysis and transposon insertion mutagenesis, the gapB and pgk genes seem to be transcribed into a bicistronic mRNA (2, 28) . However, the two genes are expressed at very different levels: the GAPB protein is present at very low levels (3, 39) , whereas PGK, like GAPDH and other glycolytic enzymes, is expressed at high levels in cells. Using E. coli strains transformed with two distinct plasmids, one (pPBK500) containing the entire gapB-pgk gene cluster and including a 812-nt sequence upstream of gapB and one (pBK200) missing this upstream sequence, we showed that 59% of the PGK production depends upon the nucleotide sequence upstream of gapB. This prompted us to start a detailed analysis of the transcriptional properties of the DNA sequence upstream of gapB, and the results obtained are described in this paper.
The data presented in this paper were obtained by primer extension analysis of in vivo-produced mRNAs and by measurement of the specific activities of GAPDH and PGK enzymes in soluble fraction of E. coli cells. Using these approaches, we showed that the DNA region upstream of gapB contains a single promoter, P0, with interesting features. Both glucose and the CRP-cAMP complex are required for its optimal activity. Based on previous results for the pts operon, which are mentioned above, we tested whether the observed glucose-mediated activation effect depended on the EII Glc protein (the product of the ptsG gene). We found that that was indeed the case. Since expression of the pgk and gapA genes has to be coordinated, we also checked whether gapA gene expression was also subject to ptsG-dependent glucose induction. Based on the results obtained, we propose that the EII Glc protein is a key factor in the glucose activation of genes involved in glucose uptake and metabolism.
MATERIALS AND METHODS
Bacterial strains. E. coli TG1 (supE hsd⌬5, thi, ⌬[lac-proAB] FЈ [traD36 proAB ϩ lacI q lacZ⌬M15]) was used as a source of chromosomal DNA. The E. coli strains TG1 and TP2503 (F Ϫ xyl argH1 ilvA) (12) were used to study the in vivo transcriptional activity of the gapB, gapA, and ptsH genes. The influences of CRP and cAMP were studied in E. coli POP4129⌬crpT8zhd::Tn10 (a generous gift from A. Kolb) and TP2006 (F Ϫ xyl lac⌬X74 ⌬cya glp-8306) (32), respectively. The role of the ptsG gene product was analyzed in strains TP2504 (F Ϫ , xyl argH1 ilvA zcf-229::Tn10 ptsG22) and TP2512 (F Ϫ xyl argH1 ilvA zcf-229::Tn10 ptsG22 ⌬cya glp8306) (12) .
Medium and growth conditions. The growth medium used was either Luria broth (LB) or the minimal M63 medium (27) supplemented with thiamine (10 g/ml) and 0.1% (wt/vol) Casamino Acids and with either glucose or pyruvate (0.4% [wt/vol]) or a succinate and glycerol mixture (0.4% [wt/vol] and 0.08% [vol/vol], respectively). When required, arginine was added (100 g/ml). The effect of cAMP in the medium was tested at a 1 mM final concentration. Ampicillin (100 g/ml) was added for the growth of transformants. Cells were grown aerobically at 37°C, and growth was monitored by measuring the optical density at 600 nm (OD 600 ).
Plasmids. Standard methods of molecular biology were used for plasmid constructions (35) . The genomic DNA of E. coli TG1 was extracted, and DNA fragments containing the gapB-pgk cluster were amplified by PCR with the oligonucleotide primers OGB1 and OGB5. OGB1 (5Ј TGGAATAAAGCTTC CCACAA 3Ј) is complementary to nucleotide positions Ϫ243 to Ϫ224 of the gapB gene (see Fig. 1A and 2B) (the A residue of the initiation codon is designated position ϩ1). A HindIII nuclease recognition site is present between positions Ϫ231 and Ϫ236. OGB5 (5Ј TCACCAGTGATTACGCCAG 3Ј) is complementary to positions 47 to 29 of the fda gene (see Fig. 1A ). After amplification, the OGB1-OGB5 fragment was cloned blunt end in plasmid pBluescript(SK) ϩ by using the HincII site. The recombinant plasmid was designated pPBK100. The nucleotide sequences of the cloned gapB-pgk genes were checked by the dideoxynucleotide chain termination method for double-stranded DNA sequencing. A plasmid carrying a longer nucleotide sequence upstream of the gapB gene was also constructed. A DNA fragment was amplified by PCR with oligonucleotides OGB6 and OGB3 ( Fig. 1A ). OGB6 (5Ј TGGGAATATCTCG AGCAACAAGAC 3Ј) is complementary to positions Ϫ812 to Ϫ789 upstream of the gapB gene and carries a XhoI restriction site (underlined in the sequence). OGB3 (5Ј GCACGAACCACATTACG 3Ј) is complementary to nucleotide positions 59 to 43 of the gapB coding sequence. The PCR fragment was digested by endonucleases XhoI and HindIII and was cloned in plasmid pBK100 between the XhoI and HindIII sites to create plasmid pPBK500. The 2.5-kb BglII-XbaI fragment from plasmid pPBK100, carrying the gapB and pgk genes without the gapB promoter region, was cloned between the BamHI and XbaI sites of plasmid pBluescript(SK) ϩ to create plasmid pBK200. An M13mp9 phage with the same insert as plasmid pPBK100 was used for directed mutagenesis of the CRP-cAMP binding site by the Kramer method (35) . The wild type (WT) (5Ј to 3Ј) sequence TGTGATGTGAGTCAGA was changed into the sequence AACGTGGATCC TACGT. The HindIII-XbaI fragment carrying the mutated sequence was cloned between the HindIII and XbaI sites of plasmid pPBK500 to create plasmid pPBK500mutCRP. Plasmids pBR322 and PTSG10 (18) were used to transform strain TP2512.
RNA isolation and analysis. Total RNA was isolated by the hot phenol procedure (1) from cells harvested at an OD 600 of 0.5 to 0.55. RNA extractions were always performed with the same amount of cells (about 5 ϫ 10 8 cells). Synthetic oligonucleotides OGB3, complementary to the gapB gene (see Fig. 2B ), OG1, complementary to the gapA gene (8) , and H12, complementary to the ptsH gene (14) , were 5Ј end labeled with [␥-32 P]ATP (3,000 Ci/mmol) (Amersham) and T4 polynucleotide kinase (Boehringer-Mannheim). They were used as primers for cDNA synthesis with reverse transcriptase. For annealing, 5 ng of 5Ј end-labeled oligonucleotide and 5 g of total RNA extracted from transformed cells or 20 g of total RNA from untransformed cells were heated to 70°C for 10 min in 10 l of 50 mM Tris hydrochloride (pH 8.3)-40 mM KCl-6 mM MgCl 2 and then cooled slowly to room temperature (20 min). The cDNA synthesis was performed as previously described (8) , and cDNAs were fractionated on a 7% polyacrylamide-8 M urea sequencing gel and compared with dideoxy sequencing reaction products obtained with the same primer and plasmid pPBK100 as the template. Direct sequencing of mRNA was carried out in the same conditions as for primer extension, except for the presence of 2Ј, 3Ј-dideoxyribonucleoside triphosphates (ddNTPs) at a dNTP/ddNTP ratio of 1:5 in the reaction mixture (8) .
Protein extract preparation and analysis. Protein extractions were made on cells harvested at an OD 600 of 0.5 or 3. After centrifugation, the cell pellet was washed and sonicated. The GAPDH activity of the soluble fraction was measured as previously described (5) . PGK activity was measured by monitoring at 340 nm the decrease of NADH in a coupled enzymatic system with the Bacillus stearothermophilus GAPDH. To determine specific activities of both enzymes, the measured activities were divided by the OD 280 value of the soluble fraction. For both enzymes, the specific activities were divided by the OD 600 value of the cell culture used for the enzymatic assay.
RESULTS

Part of PGK expression depends upon the gapB promoter region.
No characteristic transcription termination signal is present between the gapB and pgk coding sequences (2). Hence, it was tempting to postulate that the transcriptional promoter localized upstream of gapB contributed to PGK production. To test this hypothesis, two constructs were produced ( Fig. 1B) : pPBK500, containing the entire gapB-pgk cluster including the nucleotide sequence upstream of the gapB coding sequence, and pBK200, containing the gapB and pgk coding sequences without the gapB upstream region. E. coli TG1 cells were transformed by these plasmids and grown at 37°C in M63 medium supplemented with glucose as the carbon source. When cultures reached an OD 600 of 3, PGK specific activities were measured as described in Materials and Methods. They were found to be diminished by a factor of 2.41 when the nucleotide sequence upstream of gapB was absent (Fig. 1B) .
These results indicated that PGK production depended on the promoter region upstream of gapB. We next focused our attention on the transcriptional properties of the gapB upstream region.
The gapB gene is transcribed from a single start site. We used the primer extension method to identify the 5Ј extremities of gapB transcripts (Fig. 2 ). Total RNA was extracted from E. coli TG1 cells cultured at 37°C in M63 medium supplemented with glucose as the carbon source. The 32 P-labeled OGB3 oligonucleotide, complementary to a sequence at the beginning of the gapB coding region (Fig. 2B ), was used as the primer for reverse transcription. Direct RNA sequencing with primer OGB3 confirmed the specific hybridization of this oligonucleotide to gapB transcripts (data not shown). After fractionation of the reaction products, a single cDNA band was observed. By comparison of the 3Ј end of this cDNA product with DNA dideoxy-sequencing reaction products, obtained with primer OGB3 and plasmid pPBK100 as the template ( Fig.  2A) , the 5Ј end of the gapB transcripts was found to correspond to a position 132 bp upstream of the translation initiation site of gapB (Fig. 2B ). Consistent with the presence of a transcription start site, a TATCCT sequence, located 6 nt upstream of this position, fits the consensus sequence of the Ϫ10 element of promoters recognized by the E. coli E 70 RNA polymerase (23) . No sequence that might correspond to a Ϫ35 element is present. The center of symmetry of the putative CRP-cAMP binding site, which was already noticed by Alefounder and Perham (2), is localized 70.5 nt upstream of the transcription start site. This is a similar location to that found for malT and certain other CRP-controlled genes (7, 9) . Thus, the nucleotide sequence between positions Ϫ79 and ϩ1 explained a transcription initiation at position ϩ1. The corresponding promoter was named gapB P0.
Influence of the carbon source on the amount of gapB transcripts. To get more information on the control of promoter gapB P0 by the carbon source, we measured the amount of gapB transcripts in E. coli TG1 cells grown in the presence of either glucose or a succinate-glycerol mixture as the sole carbon source (Fig. 3A) . Similar experiments were also made with either pyruvate or glycerol as the sole carbon source ( Fig. 4 and data not shown). The amount of the gapB P0 transcript varied considerably with the nature of the carbon source (compare lanes 1 and 3 in Fig. 3A and lanes 1 and 2 in Fig. 4A ). The highest levels were obtained for growth on glucose. This amount was decreased by factors of 20 and 10 for growth on the succinate-glycerol mixture and on pyruvate, respectively. Although we could not exclude the possibility that mRNA stability varies depending upon the carbon source, our results strongly suggested that gapB P0 transcription is reduced during growth on poor carbon sources compared to growth on glucose. Hence, due to the presence of a CRP consensus binding site at a functional distance from the gapB P0 start site, we had to test for the involvement of the CRP-cAMP complex on gapB P0 activity.
Influence of CRP and cAMP on the level of gapB transcripts in total RNA extracts. To test for the roles of CRP and cAMP on gapB P0 promoter activity, we looked for the amount of gapB transcripts in E. coli POP4129⌬crp, which is deficient in CRP production, and in the E. coli TP2006cya mutant strain, defective in cAMP production (32) . The bacteria were grown in a Casamino Acids-containing medium in the presence of glucose or a succinate-glycerol mixture (see Materials and Methods). For cells grown in a glucose-containing medium, the amount of the gapB P0 transcript was dramatically reduced in the absence of CRP (compare lanes 1 and 2 in Fig. 3A) , whereas the absence of CRP had no marked effect on the low level of gapB P0 mRNA in cells grown in a succinate-glycerolcontaining medium (compare lanes 3 and 4 in Fig. 3A) . Similarly, there was no stimulation of the gapB P0 transcript by glucose in the cya mutant strain in the absence of cAMP (Fig.  3a, compare lanes 5 and 7 with lane 1) . The addition of cAMP to a glucose-containing medium produced a strong increase in the level of gapB P0 transcript in the cya mutant strain (Fig.  3A, compare lanes 5 and 6) . In contrast, in the absence of glucose, supplementation of the culture with cAMP produced only a slight increase in the level of gapB P0 transcript (Fig. 3A,  lanes 7 and 8) . We concluded from these results that the maximum utilization of promoter gapB P0 strongly depends on the presence of glucose in the medium and requires the presence of the CRP-cAMP complex in the cells. Since the cAMP concentration is expected to be low in cells grown on glucose as the carbon source (for a review, see reference 30), it was difficult to understand how transcription could have been activated directly by the CRP-cAMP complex and also be glucose activated. Altogether, this suggested an indirect role of the CRP-cAMP complex.
Role of the CRP-cAMP binding sequence on promoter gapB P0 activity. To test whether the CRP-cAMP dependence observed in the presence of glucose was due to direct binding of this complex to its binding site on the gapB P0 promoter region, we analyzed the effect of a mutation in the CRP-cAMP binding sequence on promoter gapB P0 activity. For this purpose, the WT sequence (TGTGATGTGAGTCAGA) was replaced by the AACGTGGATCCTACGT sequence by sitedirected mutagenesis (see Materials and Methods). E. coli TG1 cells were transformed with plasmid pPBK500, containing a WT gapB-pgk operon, and plasmid pBK500mutCRP, containing an operon with a mutation in the CRP binding site. Primer extension analyses were performed on 5 g of total RNA extracted from the transformed cells. With these RNA amounts, no detectable reverse transcription products were obtained with RNA from the untransformed cells (data not shown). The results obtained (Fig. 3B) show that for growth on glucose, mutation of the CRP-cAMP binding sequence had no marked effect on gapB P0 promoter activity (compare lanes 9 and 11 in Fig. 3B ). A possible explanation was that the CRP-cAMP complex activates the expression of a gene whose product is involved in gapB P0 activation in the presence of glucose.
Role of the ptsG gene product in gapB transcription. Based on previous data for the pts operon (13), we checked whether the ptsG gene, which is activated by the CRP-cAMP complex (25, 29) , was involved in the glucose-mediated activation of promoter gapB. gapB and ptsH mRNAs were analyzed in the E. coli ptsG mutant strain TP2504, isogenic to strain TP2503 (12) . The bacteria were grown in a glucose-or a pyruvate-containing medium. In the ptsG mutant strain grown on glucose, the amount of the gapB P0 transcript was eight times lower than that of the isogenic ptsG ϩ strain ( Fig. 4A and C) . In agreement with previous experiments based on the measurement of ␤-galactosidase activity produced by gene fusions (13), we found a 2.4-fold increase in the amount of ptsH mRNA initiated at the P0 promoter with glucose as the carbon source compared to that with pyruvate as the carbon source ( Fig. 4B and C) . The stimulatory effect of glucose decreased fourfold in a ptsG mutant context. Also in agreement with a previous report (12) , no similar regulation was found for the ptsH P1 promoter ( Fig. 4B and C) or for the crr promoter (data not shown). These results showed, first, that the primer extension method analysis we have used gives results that are in agreement with those obtained by other approaches (12, 13) . Second, they strongly suggest that ptsG is involved in the glucose-mediated regulation of gapB P0 promoter activity. To confirm this hypothesis, we transformed strain TP2512 (ptsG, cya) with plasmid PTSG10, a high-copy-number plasmid derived from pBR322 and carrying the ptsG gene (18) . We compared the amounts of gapB P0 mRNA in the transformed cells grown on glucose versus pyruvate ( Fig. 4A, lanes 6 and 5) . The amount of gapB P0 transcripts was increased 20-fold in the presence of glucose. Thus, the glucose stimulation of the gapB P0 promoter activity was only observed in cells producing the EII Glc protein. Importantly, when ptsG was overexpressed, gapB transcription was stimulated by glucose even in the absence of cAMP (Fig. 4A,  lane 6 ). In conclusion, these results show that expression of the EII Glc protein is required for glucose stimulation of both the gapB P0 and ptsH P0 promoters.
Regulation of PGK production by glucose and EII Glc protein.
Since part of PGK production appeared to depend on the gapB P0 promoter activity, we tested whether the glucosemediated activation of promoter gapB P0 also regulated pgk expression. We monitored the rate of PGK production by measuring the cellular PGK specific activity (see Materials and Methods). Experiments were performed with E. coli TP2503 (WT) and TP2504 (ptsG) strains grown until mid-log phase (Fig. 5 ). The PGK specific activity was slightly lower for growth on pyruvate compared to that for growth on glucose. Also, the PGK specific activity for growth on glucose was decreased by a factor of 0.75 in a ptsG mutant strain compared to that for a ptsG ϩ strain. Thus, expression of PGK is regulated by the presence of glucose and by a mechanism that involves the EII Glc protein.
gapA expression is also stimulated by glucose in an EII Glcdependent manner. As mentioned in the introduction, GAPDH and PGK have the peculiarity of being produced from two distinct loci in E. coli. However, the syntheses of these two enzymes, which act at successive steps during glycolysis, have to be coordinated. Hence, we addressed the question of whether production of GAPDH by the gapA gene might also be stimulated by glucose and by a mechanism depending upon the EII Glc protein. We analyzed gapA gene expression in isogenic ptsG and ptsG ϩ strains. The rate of gapA gene expression was monitored by measuring the GAPDH specific activity of cells harvested during exponential growth phase (see Materials and Methods). As can be seen in Fig. 6A , the GAPDH specific activity during growth on pyruvate is half of that found during growth on glucose. Then, we verified that this effect was due to differences in the gapA transcription level. As can be seen in Fig. 6B , this is indeed the case: the amount of RNA initiated at promoter P1 varied depending upon the nature of the carbon source, whereas the amounts of mRNAs initiated at promoters P2 and P3 did not vary. Differences observed in the P1 mRNA level parallel the differences observed for GAPDH specific activity. The amount of RNA initiated at the P1 promoter increased by a factor of 3.6 during growth on glucose compared to that observed during growth on pyruvate. Both GAPDH specific activity and gapA mRNA levels were then FIG. 4 . Effect of pstG gene expression on gapB P0 promoter activity. Cells from TP2503 (lanes 1, 2, 8, and 9 ) and TP2504 (lanes 3, 4, 10, and 11) strains were grown in M63 medium supplemented with glucose (lanes 1, 3, 8, and 10 ) or pyruvate (lanes 2, 4, 9, and 11) as the sole carbon source. TP2512 cells (lanes 5 to 7) were transformed with plasmid PTSG10 (lanes 5 and 6) or pBR322 (lane 7) and grown in M63 medium supplemented with ampicillin and either glucose (lane 6) or pyruvate (lane 5 and 7). Overexpression of protein EII Glc by plasmid PSTG10 is indicated by the plus signs below lanes 5 and 6, and cells transformed with pBR322 are indicated by the minus sign below lane 7. The RNA extracts were prepared as described in the legend for Fig. 3 and analyzed using either primer OGB3 for gapB P0 transcripts (A) or primer H12 for ptsH transcripts initiated at promoters P0 and P1 (B). (C) Quantification of the RNA amounts were achieved by phosphorimaging (ImageQuant software; Molecular Dynamics). The values for each promoter are expressed relative to a value of 100 for the RNA amount in WT cells grown in glucose.
FIG. 5. Effects of carbon source and expression of the ptsG gene on PGK production. TP2503 and TP2504 strains were cultured as described in Materials and Methods and harvested at mid-log phase. PGK activity was measured on the soluble fraction obtained after sonication by using a coupled enzymatic reaction (see Materials and Methods). Specific activities are the average values for three different cultures (error bars represent the range of the three specific activities that were measured) and are expressed as described in the legend for Fig. 1C . The carbon source used for the culture and the genetic background (WT or mutant ptsG) are indicated at the bottom. analyzed in the ptsG mutant strain grown either in a glucose-or a pyruvate-containing medium. As found for gapB, neither GAPDH expression nor the gapA P1 mRNA level was stimulated by growth on glucose in the ptsG mutant strain (Fig. 6 ). We also confirmed that the absence of glucose stimulation of the gapA P1 promoter was overcome when the EII Glc protein was overexpressed in a ptsG mutant background (data not shown). We conclude that transcription of the gapA gene is stimulated by glucose at the P1 promoter and that this activation is dependent upon EII Glc protein expression.
DISCUSSION
The results of the experiments presented in this report provide new information concerning the expression of the gapBpgk gene tandem and the gapA gene. More importantly, our results show a coregulation of several genes encoding enzymes for glucose uptake and metabolism, i.e., gapB-pgk, gapA, and pts.
The gapB gene is transcribed from a single start site located 132 nt upstream of the gapB coding sequence. More than half of the PGK expression also depends on this transcriptional activity. This is evidenced by the PGK specific activity in the presence and absence of promoter gapB P0 ( Fig. 1 ) and confirmed by the fact that variations of cellular PGK activity reflect variations in gapB P0 promoter activity ( Fig. 4A and 5 ). The absence of any obvious transcription terminator, either rho dependent or rho independent, in the segment preceding the pgk open reading frame (ORF) (2) is in agreement with this observation, implying a cotranscription of the two genes. However, this does not exclude the possibility that another transcriptional promoter located upstream of the PGK ORF participates in transcription of the pgk gene.
One interesting observation is the very efficient initiation at the gapB P0 promoter. In spite of this high transcriptional activity, the GAPB protein is present in very low amounts (3, 39) . This discrepancy indicates that a posttranscriptional event is responsible for the low level of expression of the GAPB protein. A similar discrepancy in the expression of two adjacent gap and pgk genes was also described for Zymomonas mobilis (16) . In this organism, a bicistronic gap-pgk transcript is produced, whereas different amounts of GAPDH and PGK proteins are observed. This differential gene expression is explained by endonucleolytic cleavages in the gap-pgk transcript producing individual gap and pgk mRNAs with different stabilities (15) . Whether a similar mechanism is responsible for the poor gapB expression remains to be investigated.
Like the ptsH P0 promoter, the gapB P0 promoter region possesses a CRP-cAMP binding sequence. The role of the CRP-cAMP complex has been demonstrated for ptsH P0 promoter activity (13, 14, 20, 33) . Though binding of the CRP-cAMP complex to the gapB CRP-cAMP binding sequence occurs in vitro (31) , an activation role was only detected for the low activity shown by promoter gapB P0 in the absence of glucose. No marked difference of promoter gapB P0 activity was detected upon substitution of the CRP-cAMP binding sequence by a very different sequence in the presence of glucose (Fig. 3B) . The low cis activation by the CRP-cAMP complex observed in the absence of glucose probably participates FIG. 6. Effects of carbon source and expression of the ptsG gene on gapA gene expression. Soluble crude extracts prepared and used as described in the legend for Fig. 5 were analyzed for GAPDH activity. (A) GAPDH activity was measured by using the test of Ferdinand on the soluble fraction obtained after cell sonication (5) . Specific activities are the average values for three different cultures and are expressed in nanomoles of NADH per minute per OD 280 unit per OD 600 unit at which the cells were harvested. The total RNA extracts analyzed for Fig. 4 were also used for the gapA transcription analysis. in the PGK production when glucose is absent (Fig. 3B, lanes  10 and 12) . This basal level of pgk expression may be required to rapidly resume glycolysis when glucose becomes available and/or for neoglucogenesis. In accord with this hypothesis, it should be noted that a promoter regulated by catabolic repression (gapA P3) is also present in the gapA promoter region (8) . In contrast, by using strains impaired in CRP or cAMP production, we showed that the CRP-cAMP complex has a strong indirect effect on glucose-mediated activation of the gapB P0 promoter (Fig. 3A) . With these strains, a residual low gapB P0 activity is observed, which is the same as that in a crp ϩ or cya ϩ background during growth in the presence of pyruvate or succinate-glycerol.
On the one hand, we showed that the glucose stimulation of the gapB P0 promoter activity depends upon the expression of the ptsG gene ( Fig. 4) . On the other hand, ptsG expression depends on the CRP-cAMP complex (25, 29) . Hence, we can reasonably conclude that the absence of glucose stimulation of the gapB P0 promoter in mutant crp and cya genetic contexts is likely due to the reduction of ptsG expression in these two genetic backgrounds. Consistently, overexpression of the ptsG gene in a cya mutant strain restores the glucose effect ( Fig. 4) .
What is the advantage for the cell to induce gapA, gapB-pgk, and pts gene expression during growth on glucose? In addition to that of the pts operon, the level of ptsG gene expression is also increased in the presence of glucose (18, 29, 37) . Consequently, the production of all the specific components of the glucose uptake machinery is increased in the presence of glucose, which should lead to a greater uptake of glucose and production of high levels of glucose-6-phosphate. To prevent its accumulation, the enzymes acting downstream in the glycolytic pathway need to be highly expressed. The fact that at least the expression of GAPDH and PGK can be stimulated by glucose is in agreement with such a model. As pointed out earlier (21) , glycolysis and protein synthesis may be connected. It was proposed that transcription of the rrn operons monitors the translation rate by responding to the ATP pool (21) . GAPDH is one of the key enzymes responsible for ATP production through its conversion of glyceraldehyde-3-phosphate into 1,3-diphosphoglycerate, a high-energy compound. Hence, altogether, the glucose-mediated activation of pts, gapA, and gapB-pgk transcription probably plays an important role for the high growth rate that E. coli shows on glucose.
The next question is whether the three promoters are activated by the same mechanism (and, if so, what is the molecular basis of this mechanism). In the case of ptsH P0, De Reuse and Danchin proposed that the glucose activation acts like a twocomponent system, with EII Glc acting as the sensor protein and with an as yet unknown regulator protein activating the ptsH P0 transcription (13). In this system, glucose is considered as the external signal changing the phosphorylation state of the sensor protein, which transmits a transduction signal to the regulator. In this view, the regulator can be either a transcriptional activator, whose DNA-binding activity is enhanced upon glucose activation, or a repressor, whose DNA-binding activity is decreased during growth on glucose. The role of a glucoseinducible repressor was proposed to explain the glucose effect on the ptsH P0 promoter (33) . FruR has a binding site within the gapB and ptsH P0 promoter regions (31, 34) . However, the glucose stimulatory effect is conserved in a fruR mutant strain (34) . Recently, glucose induction has been correlated with the activity of the Mlc repressor (29) . We are planning to test the direct or indirect role of Mlc on gapB P0 and gapA P1 promoter activities. Similar mechanisms for activation of the ptsH P0, gapA P1, and gapB P0 promoters would imply a specific binding of the regulator in the promoter region. Nevertheless, no evident common sequence has been found by nucleotide sequence comparison. An alternative mechanism is the implication of a cellular factor that modifies the DNA structure, whose activity or abundance would be modified upon growth on glucose. Work is in progress to test each of these possibilities.
